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Abstract
Linear friction welding is a solid-state process that comprises rapid heating and cooling of the welded parts. Residual
stresses (RS) as in every other welding process cannot be avoided. The presence of RS compromises the in-service
performance and reliability. They influence stress corrosion cracking, fatigue strength, and the crack growth rate.
Knowing the magnitude and nature of such stresses is critical for improving the quality of welded joints. Therefore, four
different manufacturing stages of linear friction welded chain links were analyzed in the present study: “as forged” (F), “as
welded” (A), “as welded” without flash (N), and post weld heat treated (P). The residual stress field was measured using
the hole drilling (HD) method. The results of the hole drilling method showed to be independent of the measured position
and symmetry with respect to the weld was observed in all evaluated regions. Close to the weld center line (WCL), the
compressive stresses present in the “as forged” condition switched to tensile as a result of the welding process. However,
in further regions, stresses remained almost unchanged for either A and N. The PWHT uniformizes the residual stress field
along the whole weld region.
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1 Introduction
Linear friction welding (LFW) is a process where friction
is created through linear reciprocating movement of a part.
After the material is heated, a compressive (forging) force
which joins both components is applied [1–6]. Material in
the form of a flash is expelled from the weld interface due
to the reciprocate movement of the part [7]. Due to all the
advantages of the process, LFW implementation in the
manufacturing of steel chains has been thoroughly
investigated in the past years. The present work extends
the knowledge on the topic by studying the RS field in
steel chains joined using LFW.
Hole drilling is a semi-destructive method, relatively fast
to apply and provides reliable results close to the surface of
the structure of interest. A small hole is drilled on the spec-
imen with a cylindrical end-mill, and the deformation on
the surface is measured using a strain gauge rosette [8–12].
With this value, it is possible to calculate the stresses re-
leased in the specimen that are commonly biaxial [13, 14].
Stefanescu et al. [15] investigated the RS state in an alumi-
num alloy using HD and reported that it is possible to obtain
reliable results until 1-mm depth of the hole.
The novelty in this article is presenting a quantitative
measurement of the residual stress field in LFW
18CrNiMo7-6 steel chains, considering the welding pa-
rameters and the flash formation are already studied in
detail [16]. The RS field was evaluated using HD tech-
nique. Not only in the as forged initial condition (F), but
also in the as welded condition (A), so the influence of
the process in the residual stress field is characterized.
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Tests were also performed to study how this stress field is
influenced by the removal of the flash (N) and, further-
more, analyze the consequences of performing a PWHT
(P).
2 Experimental procedure—methodology
2.1 Materials and test coupons
The alloy used in this investigation is martensitic
18CrNiMo7-6 steel. The chemical composition in weight per-
cent and the mechanical properties at room temperature are
shown in Tables 1 and 2, respectively.
The test coupons used were half chain links with the
following dimensions: 77 mm length, 83 mm of width
and a cross section of 22 mm of width and 24 mm of height
as shown in Fig. 1. The directions x, y, and z correlate with
the directions of reciprocating movement, forging force
and perpendicular to the reciprocating movement,
respectively.
2.2 Welding
The welds were performed using a prototype linear friction
welding machine at pewag Austria GmbH. The half links are
firmly clamped in the machine. The apparatus consists of two
actuators: the in-plane actuator responsible for the oscillating
movement of the moving (M) part in the x-direction; and forge
actuator that applies the axial load in the y-direction on the
stationary (S) part. Optimized welding parameters were used
for all samples [17].
2.3 Hole drilling method
This test was performed using a SINT MTS 3000 drilling
system according to the ASTM E837 standard. This system
consists of four main components: a mechanical driller,
powered by an air turbine, with an assembled step motor, an
electronic controller, operating software for the driller, and a
post-processing software to calculate the stresses through the
measured strains. The drilled holes have 1.6 mm diameter and
a final depth of 1.5 mm. The strain gauge rosettes used were
the circular HBM RY61S (0°/45°/90°) and the rectangular
HBM RY61K (0°/45°/90°).
The hole drilling technique involves precision equipment.
Hence, a careful preparation of the test coupons is required as
well as a great expertise in handling the devices aforementioned.
The surfacewhere the strain gauge rosette was applied should be
completely flat. Therefore, the measurement regions were
grinded using a 320-μm paper. Afterwards, the grinded surface
was cleaned with a solution of aceton+isopropanol to remove
any impurities that could remain between the sample and the
strain gauge rosette. The solution used was a HBMRMS1. The
strain gauge rosette was glued to the sample using a cyanoacry-
late HBM Z70 glue. After the rosette is glued to the specimen,
the data acquisition cables were soldered using a standard sol-
dering tool. A HBM FS01 flux was applied before soldering to
avoid introduction of impurities. The application of the rosette as
well as the soldering process may introduce strains that should
not be accounted in the measurement. Thus, after soldering, the
software was tared to make all the strains measured as zero.
The software used allows the calculation of the principal
stresses using the deformation values measured. Through
these values, it was possible to compute the stresses in the
direction of the weld σx and transversely to it σy. The
calculation method used was the Kockelmann’s method,
which relies on calibration functions, given in Eqs. 1 and
2. These functions can be obtained for all the strain gauge
rosettes produced by HBM.
Kx ξð Þ¼ Eσ
dεx
dξ
ð1Þ
Ky ξð Þ¼ Eσ
dεy
dξ
ð2Þ
where ξ is the relation between the hole depth and the diam-
eter, E the Young Modulus of the material, and εx and εy are
the strains parallel and perpendicular to the reciprocating di-
rection, respectively.
The principal stresses σ1,2(ξ) and the orientation angle α
can be calculated through Eqs. 3 and 4 respectively.
σ1;2 ξð Þ ¼ σa ξð Þ þ σc ξð Þ2
þ 1ﬃﬃﬃ
2
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
σa ξð Þ−σb ξð Þð Þ2 þ σc ξð Þ−σb ξð Þð Þ2
q
ð3Þ
α ξð Þ ¼
1
arctan 2σb ξð Þ−σa ξð Þ−σc ξð Þð Þ
σa ξð Þ−σc ξð Þ ð4Þ
Table 1 Chemical composition of 18CrNiMo7-6 (wt%)
C Si Mn Ni P S Cr Mo
0.18 0.27 0.58 1.62 0.011 0.008 1.76 0.250
Table 2 Mechanical properties of 18CrNiMo7–6 at room temperature
Young modulus
(GPa)
Yield strength
(MPa)
Tensile strength
(MPa)
Elongation
(%)
210 785 1080 8
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where σa, σb, and σc are the stresses in the direction of the
strain gauges a, b, and c respectively. These stresses are
obtained using the previously mentioned calibration
functions.
Given the geometry of the chains, the clamping of the
component was carefully set to reduce vibrations during dril-
ling. After the driller was positioned in the center of the rosette
and the zero-reference point was defined (after drilling the
rosette’s foil surface), the hole was incrementally drilled and
the results for each step recorded by the data acquisition
system.
Considering the stationary half link as the reference, the
measurement locations are defined as shown in Fig. 2. The
holes were drilled 3 and 23 mm away from the WCL.
3 Results and discussion
3.1 Residual stresses in the as forged condition (F)
The measurements performed in the as forged condition are
prior to welding and serve as reference to the initial stress state
of the half chain links. The locations where the measurements
are performed are depicted in Fig. 3. The measurements were
carried out on the TL and LS as shown in Fig. 4a, b, respec-
tively. According to Fig. 4a, the maximum compressive stress
values occur in a depth less than 0.2 mm, with − 550 and −
400 MPa along the x and y direction, respectively. The com-
pressive stress values gradually approach zero as the depth
increases. This behavior was expected since the samples were
submitted to a shot peening treatment after forging, inducing
compressive stresses at the surface of the specimen. The RS
results obtained are in good agreement with the existing liter-
ature for shot-peened specimens [18, 19] in which the maxi-
mum absolute stress value remains close to the surface of the
component and tends to zero further from the surface.
3.2 Residual stresses in the as welded condition (A)
3.2.1 Comparison between F and A
The influence of the welding process in the RS field was
evaluated. To that end, conditions F and Awere compared,
and the measured regions are shown in Fig. 5. The stress
field of both F and A conditions 3 mm from the WCL
showed a clear tendency of relaxation in compressive resid-
ual stress. σx decreases from a maximum absolute value of
around − 400 MPa to approximately 0 MPa, as shown in
Fig. 6a. This value, 3 mm away from the WCL in the A
condition, increases to a maximum of around 250 MPa
when increasing depth. Regions closest to the WCL are
subjected to a high thermal cycle during the welding pro-
cess. However, during cooling, these same regions are the
last to reach room temperature again. Thus, close to the
WCL the stress state at the surface is tensile [4, 20]. Far
away from the WCL, the difference between the F and A
conditions is smaller or even negligible. The switching to
tensile stress is not observed 23 mm away from theWCL. In
this region, the material is not subjected to severe thermal
cycles, which is the reason why stresses not vary significantly.
In the y direction, a difference of ~ 200 MPa has been
observed 0.1 mm from the surface, which might be related
to the aforementioned measurement errors, or by the
Fig. 1 Technical drawing and
isometric view of one half chain
link
Fig. 2 Locations of the hole drilling measurements—illustration of the
moving part
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Fig. 3 Location of the measurements in the F condition. a TL region. b LS region
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Fig. 4 Residual stresses a σx, b σy in three different locations of the as forged samples
a) b)
3 mm
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Fig. 5 Location of the measurements in the a F and b A conditions. TL 3 mm and 23 mm regions
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variations in the temperature gradient at the surface of the
chain after shot peening was applied. However, both condi-
tions exhibit the same residual stress from 0.3 mm onwards.
This can be attributed to fact that it corresponds to the
direction of the forging load. When investigating the residual
stresses in titanium Turner et al. [21] and Frankel et al. [22]
observed a similar trend. In this direction, 3 mm away from
WCL, the maximum compressive value reaches ~ 250 MPa
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Fig. 6 Residual stresses a σx, b σy 3 and 23 mm away from the weld line
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Fig. 7 Residual stresses a σx, b σy 3 mm away from the weld line in M and S parts
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Fig. 8 Residual stresses a σx, b σy 3 mm away from the weld line in TL, BL, and TR
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against ~ 420MPa obtained 23mm away from it. Although as
the depth increases, this difference tends to the typically ob-
tained in HD of ~ 100 MPa.
Far away from the weld center line, both the transverse and
parallel residual stresses show a variation of less than
100 MPa. It was confirmed that 23 mm away from the
WCL, the RS field does not change since it is far away from
the HAZ. In this region, the material is not affected neither by
the thermic nor the plastic deformation cycles. Therefore, no
significant differences were observed even after the welding
procedure.
3.2.2 Comparison between stationary and moving
A comparative analysis regarding S and M parts of the
welded links was carried out. Figure 7a depicts the gen-
eral tensile nature of the σx close to the WCL, with a peak
stress of ~ 250 MPa. Considering the typical error
obtained in this methodology, the RS field might be con-
sidered qualitatively equal.
Regarding σy, the same similar behavior was obtained
when comparing S with M. The switch from a compressive
to a tensile stress state was not verified in this direction as in x.
3.2.3 Symmetry of the RS field
To evaluate the symmetry of the residual stress field between
the top/bottom locations and left/right areas of the chain link,
measurements were performed at an exact same distance of
the WCL. In Fig. 8a, it can be observed that the RS field is
almost the same when comparing top left and bottom left of
the chain link along the whole depth of the hole. The same for
top left and top right.
Regarding the stresses in y direction (Fig. 8b), there is
a constant difference of around 100 MPa. This difference
might be explained by common measurement errors in
a) b)
3 mm
3 mm
3 mm
3 mm
Fig. 9 Location of the measurements in the a A and b N conditions. TL 3 mm region
a) b)
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Fig. 10 Residual stresses a σx, b σy 3 mm away from the weld line in A and N conditions
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hole drilling such as not drilling the hole in the exact
same point in each location or misplacements of the strain
gauge.
3.3 Residual stresses in the as welded condition
after removing the flash (N)
The influence of the flash cutting in the RS fields was assessed
as described in Figure 9. The flash was removed mechanically
in cold condition Figure 10 shows the results obtained for the
TL region 3 mm from the WCL, comparing them to the A
condition. Although, the removal of the flash would cause
differences in the local RS field, due to the geometry of the
surface, direct measurements in the WCL were not possible.
Nonetheless, for the measured positions 3 mm away from the
WCL, no significant differences derived from the flash
removal.
3.4 Residual stresses in the as welded condition
after removing the flash (N) and after PWHT (P)
To evaluate the effects of PWHT, the same tests were per-
formed as before in a heat-treated condition after removing
the flash. The location where the measurements were per-
formed is shown in Fig. 11. The PWHT operation consists
of heating the component in a salt bath at 830 °C for
20 min, quenching at 180 °C for 5 min and annealing for
1 h at 500 °C.
These results, depicted in Fig. 12, show that the annealing
in these conditions influences mostly the regions close to the
surface of the specimen. The tensile RS present due to the
joining process switched back to compressive due to the
PWHT. This can be explained since the steel was heated
above its austenitization temperature. The values obtained
were slightly higher than the obtained in other conditions.
Due to the PWHT after welding and flash removing, the RS
a) b) 
3 mm
23 mm
3 mm
23 mm
Fig. 11 Residual stresses a σx, b σy 3 mm away from the weld line in the P condition
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Fig. 12 Residual stresses a σx, b σy 3 mm away from the weld line in P condition
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history that was present in the sample is replaced by a
completely new and homogeneous stress field.
4 Conclusions
The present work intended to describe the evolution of the RS
state throughout the main manufacturing stages of
18CrNiMo7-6 linear friction welded steel chains using the
hole drilling method:
1. After forging the components (F) showed the typical
stress distribution of shot peened part.
2. It was shown that close to theWCL, in the direction of the
reciprocating movement (x), the compressive stresses
present in the F condition switch into tensile due to the
LFW procedure. In the direction of the forging force (y),
the stresses remained compressive after the LFW process.
In the forge direction, the shot peening stresses remained
conserved.
3. It was observed symmetry of the residual stress field be-
tween the TL/TR and TL/BL locations. There is a small
increase of the compressive stresses regarding the moving
(M) component when compared to the stationary (S) one.
Away from the WCL, no difference between M and S
parts was observed.
4. The flash removal process does not have influence in the
residual stress field close to the WCL.
5. The applied PWHTswitches the tensile stresses due to the
welding process back into compressive. In this condition,
higher values of compressive stresses close to the surface
of the specimen were reached than any of the other con-
ditions studied.
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